Au-Ag gradient alloy nanoparticles were directly synthesized in a microreaction system with their surface plasmon resonance been facilely adjusted.
Introduction
Nowadays it is well known that materials at the nanoscale can display properties vastly different from the properties of the bulk and the constituent atoms or molecules [1] . Among all kinds of nanoparticles (NPs), Au, Ag and bimetal Au-Ag NPs are of great interest because of their unique optical, electronic and catalytic properties. Especially, their enhanced surface plasmon resonance (SPR) of these materials is useful in many fields, including bioimaging, cancer therapy, drug delivery [2] [3] [4] . Generally, spherical Au and Ag NPs typically exhibit SPR wavelength around 520 nm and 410 nm, respectively, while the wavelength of Au-Ag alloy varied from 520 nm to 410 nm according to their composition [5] . By varying the shape of the NPs, SPR wavelength out of the above range can be obtained. For example, AgAu with core-shell structure exhibits SPR wavelength as 560 nm [6] . However, the commonly adopted multisteps method for core-shell Au-Ag NPs is quite complex [6, 7] , and the one-step method is difficult to provide monodispersed and small-sized NPs [8] .
Comparing with core-shell structured NPs, the synthesis of Au-Ag alloy NPs is much simpler. Several methods including laser ablation, phase-transfer, digestive ripening, co-reduction of Au and Ag salts and galvanic replacement reaction have been conducted. Among them, the co-reduction of Au and Ag salts is regarded as the most suitable one to synthesize high-quality Au-Ag NPs that have been applied in many fields [9, 10, 11] . Microreaction system is an excellent candidate to fulfill the co-reduction method due to its high control accuracy, superior size-and shape-selectivity, no inert atmosphere protection and fast heat and mass transfer [12] .
In this paper, we studied the synthesis of Au-Ag gradient alloy NPs with an extended SPR wavelength via microreaction. The relationships between SPR wavelength, NPs structure and synthesis parameters were investigated. The properties were characterized by UVVis, EDS, and HR-TEM.
Experimental section

Materials
Oleylamine (OLA, Aladdin, AR), octadecene (ODE, Aladdin, AR), silver nitrate (AgNO 3 , Aladdin, GR), chlorauric acid (HAuC l4 •3H 2 O, Aladdin, AR), ethanol (SCR, AR) and chloroform (SCR, AR) were used directly as raw materials without further treatment.
Preparation of Au-Ag alloy nanoparticles
Typically, 0.01 mmol Silver nitrate and 0.01 mmol Chlorauric acid were dissolved in 4 ml OLA and 1 ml ODE, respectively, via ultrasonic stir at 60 o C. The dissolved solutions were then mixed with magnetic stirrer. After that the mixture was sucked in the injector which was fixed on syringe pump, and then injected rapidly into the capillary when the temperature of oil bath got stable. The temperature was varied from 120 o C to 180 o C and the ratio of Au 3+ :Ag + in raw materials was adjusted from 1:20 to 5:1. The residence time was tuned by changing the flow rate supplied by a syringe pump.
Characterization
Energy-dispersive spectrum (EDS, INCA, Oxford) was applied to determine the Au mole fraction of various Au-Ag alloy NPs. Ultraviolet visible spectrum (UV-Vis) analysis was carried out on a spectrophotometer (Cary 50, Varian). The relationship between SPR wavelength against the Au mole fraction of various Au-Ag alloy NPs was investigated by UV-Vis absorption spectra and EDS. High resolution transmission electron microscope (HR-TEM, JEM-2100F, JEOL) operated at 200 kV was used to observe the morphology. The sample for TEM was prepared by dipping an amorphous carbon-copper grid in a chloroform solution dispersed Au-Ag NPs homogeneously by sonicating for 5 min, then the sample was left to evaporate in air at room temperature.
Results and discussion
Influence of Au
3+
:Ag + raw ratio Au-Ag alloy NPs have been synthesized by several methods, while their SPR wavelength was normally found between 520 nm and 410 nm. In order to obtain longer SPR wavelength, the relationships between preparation conditions and the SPR wavelength were systematically studied. Fig. 1 shows the relationship of the SPR wavelength and the ratio of Au 3+ :Ag + in raw materials. It is found that the SPR wavelength can be red-shifted from 470 nm to 532 nm by increasing the raw ratio of Au 3+ :Ag + from 1:20 to 5:1, which suggests a longer SPR wavelength can be obtained through changing the raw ratio. The SPR wavelength of 532 nm has exceeded the maximum of 520 nm given by Au-Ag alloy NPs. Besides, only one SPR wavelength exhibits in the spectra, illustrating as-obtained Au-Ag NPs are of pure phase. The reason can be assigned to that a mixture of Au and Ag NPs will present two SPR peaks in their UV-Vis absorption spectra [5] . The inset of Fig. 1 EDS analysis was performed to examine the composition of the Au-Ag NPs. Fig. 2 reveals that Au and Ag element peaks appeared in the spectrum, implying other compositions such as Cl -precipitate are absent. Fig.  3 shows the plot of SPR wavelength against Au mole fraction of the final sample with raw ratios of Au 3+ :Ag + as 1:5 and 1:20. Here, the Au mole fraction was calculated from the EDS result, and different compositions were achieved by changing the residence time from 0 to 320 s with the same synthesis temperature as 180 o C. A linear relationship is found when the raw ratio is 1:20. Because of the linear fashion and single absorption peak (shown in Fig. 1 ), as-obtained Au-Ag NPs were generally regarded as alloy with homogenous structure [13] . Besides, their SPR wavelength could be tuned from 410 nm to 520 nm depending on the composition. Comparably, when the raw ratio varied to 1:5, high Au mole fraction structured NPs exhibits inhomogeneous property. The SPR wavelength is red-shifted at same Au content with the increase of raw ratio from 1:20 to 1:5. For example, the SPR wavelength of Au 0.4 Ag 0.6 is shifted from 455 nm to 489 nm, and a similar trend is observed for Au0.6Ag0.4. This can be caused by the enrichment of Au in the outer layer of Au-Ag NPs. The composition of outer layer shows stronger effect on the SPR wavelength, comparing with the inside part. The SPR wavelength of Au (520 nm) is bigger than Ag (410 nm), which generates longer SPR wavelength when the surface is Au-rich.
To further observe the size and micro-structure of AuAg NPs, TEM and HR-TEM images were conducted and shown in Fig.4 . Au-Ag NPs display mono-dispersion with average size as less than 5 nm. As shown in the inset of Fig. 4a , the color of Au-Ag NPs with the SPR wavelength of 540 nm is dark purple, which is similar as that of reported Ag-Au core-shell NPs [8] . However, the HR-TEM image in Fig. 4b shows a twinned structure instead of core-shell one. The interplanar distance measured from the adjacent lattice fringes is 0.24 nm, corresponding to (111) planes of the face-centered cubic (fcc) Au or Ag. The Ag-Au core-shell NPs were usually prepared under 100 o C to avoid the diffusion of Au and Ag because the diffusion got stronger after then based on Arrhenius equipment [7] . Therefore, as-synthesized Au-Ag NPs can be proved as gradient alloy structure rather than core-shell structure.
Influence of reaction temperature
The reaction temperature intensively affects the nucleation rate of Au and Ag ions. Structures reflected by the SPR wavelength are influenced by the relative nucleation rate in one-step process. Fig. 5 shows almost a linear relationship between the reaction temperature and the SPR wavelength of Au-Ag alloy NPs with raw ratio of Au 3+ :Ag + as 5:1, 1:1, and 1:5, respectively. The SPR wavelength can be red-shifted through the decreasing of the reaction temperature. The longest SPR wavelength of 548 nm is obtained at 120 o C with raw ratio of 5:1. The lower reduction temperature resulted in a higher relative nucleation rate of Au ions, which caused a strong Au ions nucleation in a short time. Thus, the diffusion between Au and Ag became insufficient, and then induced the gradient structure of alloy. The diffusion rate could be enhanced by the temperature. As a result, the SPR wavelength was shortened at higher reaction temperature. Au-Ag gradient alloy NPs with a long SPR wavelength could be facilely obtained via low temperature.
Influence of residence time
The residence time also shows great effect on the SPR wavelength. As displayed in Fig. 6 , the SPR wavelength blue-shifted with the increase of the residence time. When the residence time is 60 s, the SPR wavelength is similar as that of Au NPs as 520 nm. This phenomenon was mainly due to the change of the relative nucleation rate and the diffusion of Au and Ag. The Au precursor was consumed largely in a short time, which made the concentration of ions lower and further reduced the nucleation rate. However, the Ag precursor just showed a low consumption because of its relative slow reduction rate, which kept the nucleation of Ag as a constant. Thus, the decline of the relative nucleation of Au led to the blueshift of the SPR wavelength. Meantime, the continuous diffusion between Au and Ag with the residence time could also make the SPR wavelength blue-shift. The inset of Fig. 6 illustrates a linear relationship between the SPR wavelength and the residence time, suggesting the SPR wavelength from 549 nm to 532 nm can be linearly tuned.
Conclusions
Au-Ag gradient alloy NPs were synthesized in a microreaction system. A SPR peak of 548 nm was obtained at 120 o C with a raw ratio of Au 3+ :Ag + as 5:1. The SPR wavelength was red-shifted by separately decreasing the synthesis temperature, shortening the residence time or enhancing the ratio of Au 3+ :Ag + . An exponential relationship was presented between SPR wavelength and the ratio of Au 3+ :Ag + at 180 o C with the residence time of 15 s. Either the synthesis temperature or the residence time exhibited almost a linear relationship with the SPR wavelength at the reported parameter.
